We have employed a quartz-crystal microbalance technique to measure the vibrational amplitude dependence of quality factor shifts which occur when Kr monolayers adsorb on the microbalance's gold electrodes. Assuming that the friction force is proportional to some power of the sliding velocity of the film relative to its substrate, such measurements allow one to infer whether or not the friction force law is linear in form. We have observed a linear friction law to be valid for a full monolayer of both liquid and solid krypton, for sliding speeds estimated to be in the range 3-8 cm/s. The form of the friction law at lower coverages appears to be nonlinear, consistent with nϽ1 in a more general law, Fϰv n . ͓S0163-1829͑98͒01030-3͔
I. INTRODUCTION
The fundamental origins of friction, an important physical phenomenon in light of both its everyday familiarity and its enormous economic impact, 1 have been debated for at least 300 years, with very little resolved. Until about a decade ago, the topic had been studied exclusively at the macroscopic scale, where friction is relatively insensitive to sliding speed. [2] [3] [4] In recent years however a number of experimental tools have been developed whereby microscopic studies can be performed in known contact geometries. [5] [6] [7] [8] [9] Data obtained via one such technique, namely the quartz-crystal microbalance ͑QCM͒, are routinely analyzed under the assumption of a linear microscopic friction law (Fϰv, where v is the sliding speed͒, written in the form 10 FϭvA c ; ϭ 2 , ͑1͒
where A c is the true area of contact, is the shear stress per unit velocity, and 2 is the mass per unit area of the sliding object. The term is a characteristic ''slip time'' representative of the time required for a moving object's speed to fall to 1/e of its original value, assuming it is stopped by frictional forces alone. 8 While various theoretical and computational 11 works have suggested that a linear friction law is applicable to incommensurate solid or liquid layers sliding along solid surfaces ͑i.e., the QCM experimental geometry͒, this linear form has not been tested experimentally. 8, 12 We report here a QCM study of Kr sliding on gold, where the gold substrate is driven in oscillatory motion at three different amplitudes, the highest being approximately three times greater than the lowest. While this range is not exceptionally large, it is adequate to investigate the validity of the linear friction law in light of the sensitivity of the QCM technique. We observe Fϰv to be valid for complete monolayers of both liquid and solid krypton, for sliding speeds estimated to be in the range 3-8 cm/s. The form of the friction law at lower coverages appears to be nonlinear, consistent with nϽ1 in a more general law, Fϰv n .
II. THE QCM AS A PROBE OF FRICTION
The quartz-crystal microbalance has been used for decades for microweighing purposes, 13 and was adapted for friction measurements in 1986-1988 by Widom and Krim. 9, 8 A QCM consists of a single crystal of quartz which oscillates in transverse shear motion with a quality factor Q near 10 5 . Adsorption onto the microbalance produces shifts in both the frequency f 0 and the quality factor Q, which are indicative of the degree to which the adsorbate is able to track the oscillatory motion of the underlying substrate. If Eq. ͑1͒ correctly describes the velocity dependence of the friction force, then the slip time will be independent of the oscillator vibrational amplitude A at which it is measured, and is related to changes in Q and f 0 according to 8 
␦͑Q
If the friction law is nonlinear, then the value of obtained from Eq. ͑2͒ will vary with A. In particular, in a regime where the interfacial sliding speed v is much smaller than the velocity of the oscillating surface of the microbalance, changes in the quality factor are related to the amplitude of vibration according to 14 
Ϫ1 ͒ϰϷA
where the friction law is assumed to be of the general form Fϰv n . Changes in the vibrational amplitude of the oscillator thus have great impact on the value of ␦(Q Ϫ1 ), and consequently whenever a nonlinear friction law applies. Therefore, by studying the dependence of the slip time on the vibrational amplitude of the oscillator, one can ͑a͒ determine whether the linear friction law is applicable and ͑b͒ investigate via Eq. ͑3͒ the form of the law which may in fact apply in cases where the friction is nonlinear.
III. SAMPLE PREPARATION AND DATA RECORDING PROCEDURE
The gold substrate electrodes employed for this study were prepared by thermal evaporation of 900 Å of 99.999% Au at 1 Å/s in 5ϫ10 Ϫ9 torr, the same deposition conditions employed for a previously published QCM study of Kr/Au. 10 They were deposited onto 8 MHz overtone-polished quartz crystals 15 held at room temperature and then transferred, within the vacuum system, to an appendage which could be immersed in liquid nitrogen.
Adsorption and calibration 16 data were then recorded while slowly admitting gas to the chamber. Frequency and PHYSICAL REVIEW B 1 SEPTEMBER 1998-I VOLUME 58, NUMBER 9 PRB 58 0163-1829/98/58͑9͒/5157͑3͒/$15.00 5157 © 1998 The American Physical Society amplitude data were recorded during brief intervals ͑Ϸ1 s͒ of oscillator operation at a rate of one point per interval, to avoid the self-heating effects of the crystal. Kr adsorption measurements were performed up to the bulk vapor pressure of Kr near 1.7 torr, and data for the He gas calibration runs were recorded up to 400 torr. The pressure range for the calibration was chosen because the quality factor shifts due to He gas damping at 400 were of the same order as those due to Kr film slippage. The order in which the data points for the various amplitudes were recorded was chosen randomly so that on average the data for the three amplitudes were recorded in identical conditions. The amplitude of the vibration of the QCM was varied by applying different driving voltages to the crystal. The peak voltages applied to the crystal ranged from 40 to 120 mV. According to the theoretical work of Kanazawa: 17, 18 ''A useful rule of thumb would be to know that a 0.75 peak volt signal applied to an AT-cut quartz resonator having a Q of 100 000 gives rise to a 1000 Å displacement at its fundamental resonance. The displacement scales proportionately with applied voltage and with Q, and is independent of the resonant frequency.''
The Q of our AT-cut quartz resonators, which could be measured with an accuracy of 1-5 % through direct measurements of oscillatory decay times, was Ϸ80 000. Accordingly, the vibrational amplitude employed for these studies was estimated to range from 50 to 150 Å, the three amplitudes having a ratio of 1:2:3. As the QCM is a simple harmonic oscillator, the maximum velocity v 0 is proportional to its amplitude, thus v 0 ϭAϷ25-75 cm/s. For a linear friction law and Ӷ1, the relative velocity between the adsorbed film and the vibrating surface is to good approximation v ϭv 0 sin(t).
14 Assuming the slip time to be ϭ2 ns ͑a slip time typical of that observed here͒ the relative velocity range is then 2.5-7.5 cm/s, and the estimated sliding distance is Ϯ5-Ϯ15 Å.
IV. RESULTS
Figures 1 and 2 present the data we have recorded for ␦ f 0 and ␦(Q Ϫ1 ), respectively, for Kr/Au at 77.4 K. Figure 3 presents slip time versus coverage curves for the same data sets, where the slip time has been obtained according to Eq. Fig. 3 have been corrected for slippage effects assuming a linear friction law, whereby 2 ϰ␦ f 0 ͓1ϩ() 2 ͔. 8 The feature which appears near 1.5 torr in Figs. 1 and 2 is associated with a transition from liquid to solid in the monolayer at 0.07 atoms/Å 2 , and a concomitant increase in the slip time. 10 Values for the slip time for the three amplitudes of vibration are within experimental range of each other for the coverage range 0.04-0.08 atoms/Å 2 ͑Ϸ1/2-1 ML͒, consistent with a linear friction law. The data sets are not within experimental error of each other for coverages falling below 0.04 atom/Å 2 . For coverages which are less than that of a complete liquid monolayer (0.069 atoms/Å 2 ), the film is comprised of coexisting liquid and gas phases. 19 It is possible that the crossover in behavior at 0.04 atoms/Å 2 marks the transition from disconnected liquid islands at low coverage to a liquid layer with holes, as the coverage approaches that of a complete monolayer. Below 0.04 atoms/Å 2 , the slip times increase with lower coverage, and are longer for the They were obtained by scaling the sliptimes observed at the lowest velocity ͑ϫ͒ by the factors predicted in Eq. ͑3͒. The data recorded at the two higher velocities ͑᭺ and ϩ͒ are within experimental error of the theoretical prediction ͑over-sized ᭺ and ϩ͒ only at low coverage. Otherwise, the data are well described by a linear friction law ͑see text͒.
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higher velocities. This behavior either implies the finite size of the islands present at low coverage has altered the nature of the friction law, or else that the size of the islands themselves may depend on the amplitude of vibration, as discussed in the following section.
V. DISCUSSION
According to the work of Sokoloff, Widom, and Krim, 14 an increase in ␦Q Ϫ1 with increasing velocity ͑the effect which is observed here at low coverages͒ is consistent with nϽ1 for the regime in which the data were collected. In order to demonstrate the magnitude of this effect, we have plotted oversize symbols in Fig. 3 . These symbols, which are plotted at three coverages, indicate how would increase with velocity if n were equal to 0.5 in Eq. ͑3͒. In contrast to the linear behavior at high coverage, the friction law becomes consistent with nϷ0.5 at low coverage. However, due to the relatively large uncertainties in the data in this regime we are unable to establish a precise value of n. We next discuss whether in fact it is the form of the friction law itself, or the nature of the islands themselves which changes at low coverage.
The behavior of the slip time near the solid-liquid transition of Kr/Au has been successfully explained by the molecular-dynamics simulations of Robbins and co-workers. 11 The perturbation theory result of their study was that
where t ph is the lifetime of phonons excited within the film and S(G 1 )/N 1 is proportional to the energy of the deformation of the adsorbate by the substrate ͑note that we have neglected discussion of electronic friction, 12, 20, 21 as well as the excitation of substrate phonons in the present discussion͒. When the fluid monolayer is compressed to the solid phase, the simulation reveals a rapid drop in S(G 1 )/N 1 and a corresponding rise in . But S(G 1 )/N 1 is not expected to be strongly dependent on the island size for low coverages, and so we look to the ph term for an explanation of the rise in slip time as the coverage is reduced, and for the potential nonlinear behavior in this regime. In order to do so, we must argue that ph as the liquid island sizes fall, assuming that it is the average island size ͑and not the number of islands͒ which primarily decreases with decreasing coverage.
Let us assume, in accordance with theoretical arguments, 11 that energy dissipation occurs only on account of anharmonic effects which allow energy to be transferred from a particular phonon mode to other modes at a rate proportional to ph Ϫ1 . For large enough island sizes, changes in island size would have little impact on the rate at which energy is transferred from a particular mode into other modes, since in all cases the number of modes available to transfer energy would be quite large. But as the island size continued to decrease, it would ultimately reach a point whereby the number of modes which could be excited would be severely inhibited. The rate at which energy could be transferred to other modes, i.e., friction, would then decrease and a corresponding rise in slip time would be observed.
This phenomenon would also explain the increase in slip time with velocity at low coverage, a trend which is well above experimental error levels. Simply put, higher driving amplitudes could result in smaller island sizes and thus higher slip times. If we adopt this explanation, it would be inappropriate to claim that the friction law has changed to a nonlinear form for low coverage. In this case, the very assumption that friction is proportional to contact area would need to be reexamined.
In conclusion, we have observed a linear friction law to be valid for full monolayers of both liquid and solid krypton sliding on gold, in agreement with previous computer simulations of this system. The form of the friction law at lower coverages appears to be nonlinear. A detailed knowledge of the size distribution of the islands which are present in this regime would however be necessary in order to confirm this.
